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LINICAL INVESTIGATION Normal Tissues

CORONARY HEART DISEASE AFTER RADIOTHERAPY FOR PEPTIC
ULCER DISEASE
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Purpose: To evaluate the risk of coronary heart disease (CHD) and cerebrovascular disease after radiotherapy
(RT) for peptic ulcer disease.
Methods and Materials: Peptic ulcer disease patients treated with RT (n � 1859) or by other means (n �
1860) at the University of Chicago Medical Center between 1936 and 1965, were followed through 1997. The
observed numbers of cause-specific deaths were compared with the expected numbers from the general
population rates. During RT, 5% of the heart was in the treatment field and the remainder of the heart
mostly received scattered radiation. A volume-weighted cardiac dose was computed to describe the average
tissue dose to the entire organ. We used Cox proportional hazards regression analysis to analyze the CHD
and cerebrovascular disease risk associated with RT, adjusting for confounding factors.
Results: Greater than expected CHD mortality was observed among the irradiated patients. The irradiated
patients received volume-weighted cardiac doses ranging from 1.6 to 3.9 Gy and the portion of the heart directly
in the field received doses of 7.6–18.4 Gy. The CHD risk increased with the cardiac dose (p trend � 0.01). The
cerebrovascular disease risk was not associated with the surrogate carotid dose.
Conclusion: The excess CHD risk in patients undergoing RT for peptic ulcer disease decades previously indicates
the need for long-term follow-up for cardiovascular disease after chest RT. © 2005 Elsevier Inc.
Coronary heart disease, Peptic ulcer disease, Cerebrovascular disease, Radiotherapy, Smoking.
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INTRODUCTION

he adverse cardiac effects of high-dose radiotherapy
RT) were first recognized in the late 1960s, when cases
f heart disease were observed among patients treated
ith RT for Hodgkin’s lymphoma and other mediastinal

umors (1). Pericardial disease was initially thought to be
he predominant radiation-induced heart damage, but ad-
itional follow-up of Hodgkin’s lymphoma patients
howed a statistically significant increased risk of coro-
ary heart disease (CHD) many years after undergoing
egavoltage mantle therapy (2, 3) that yielded a total
ediastinal dose of 40 – 44 Gy. An excess risk of myo-

ardial infarction has also been linked to the adjuvant RT
or breast cancer used before 1980 (4 –7). It has not been
lear, however, whether relatively low therapeutic doses

Reprint requests to: Kiyohiko Mabuchi, M.D., Dr.P.H., Radia-
ion Epidemiology Branch, Division of Cancer Epidemiology and
enetics, National Cancer Institute, National Institutes of Health,
epartment of Health and Human Services, 6120 Executive Blvd.,
PS 7038, Rockville, MD 20852-7238. Tel: (301) 594-7649; Fax:
301) 402-0207; E-mail: mabuchik@mail.nih.gov

842
rom modern RT for Hodgkin’s lymphoma (3, 8, 9) or
arly breast cancer (10 –14) have resulted in a statistically
ignificant reduction in the heart disease risk in RT
atients.
Recent mortality and morbidity data from studies of the

apanese atomic bomb survivors have demonstrated a sta-
istically significant dose–response relation for mortality
rom heart disease and stroke at doses of �4–5 Gy (15, 16),
uggesting that an excess risk of heart disease can occur
fter exposure to low-dose RT. The excess risk in the atomic
omb survivors persisted for several decades after the radi-
tion exposure. An excess risk of heart disease after expo-
ure to low doses has also been reported from studies of
atients undergoing RT for benign disease (e.g., ankylosing
pondylitis [17], metropathia hemorrhagica [18]) and occu-
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ationally exposed radiologists and radiologic technologists
n the United States (19–21). No excess heart disease risk
as found in studies of fluoroscoped tuberculosis patients

22) or U.K. radiologists (23).
In the 1940–1960s, RT was frequently used to treat

atients with peptic ulcer disease (PUD) at the University of
hicago (24, 25). During RT, a small portion (estimated to
e about 5%) of the heart volume was in the treatment field
nd the remaining volume of the heart was mostly exposed
o scattered radiation. A cohort comprising irradiated and
onirradiated PUD patients has been studied since 1974,
ith the latest follow-up mortality data available through
997. Earlier mortality studies of this cohort focused on
ancer (26, 27) and showed greater than expected mortality
rom diseases of the circulatory system associated with RT,
ut no dose–response analysis was conducted. In this paper,
e discuss the results of a quantitative assessment of the

isk of heart disease mortality in relation to the estimated
adiation dose, controlling for smoking and other cardiovas-
ular risk factors.

METHODS AND MATERIALS

tudy population and follow-up
The characteristics of this population and study design have

een previously described (27). In brief, the study cohort com-
rised 3719 subjects (1859 irradiated and 1860 nonirradiated),
etrospectively selected from among about 4000 PUD patients
reated at the University of Chicago between 1937 and 1965.
ecause the principal rationale for RT was to reduce gastric

ecretions, patients selected for RT tended to have a high acid
roduction The irradiated patients also were hospitalized and had
ore severe manifestation of PUD than an ulcer-patient population

n general (24, 25). No documented information was available to
ompare the characteristics of the irradiated and nonirradiated
atients, but several factors, such as age, gender, ulcer location,
omplications (e.g., stenosis, hemorrhage, and perforation), were
onsidered in patient selection (25). The nonirradiated patients,
ho served as the comparison group in this study, were selected

rom among PUD patients who were treated by medication and/or
urgically, and were similar to the irradiated group in terms of
ender, age, and ulcer type. The University of Chicago Medical
enter Institutional Review Board approved the follow-up proce-
ures, and all patients provided informed consent for data collec-
ion.

Follow-up for vital status and cause of death included searches
f the National Death Index Plus, Social Security Administration
ortality Files and Presumed Living Files, and Pension Benefit

nformation records. For irradiated patients, the date of entry into
ollow-up observation was the date at first treatment; for nonirra-
iated patients, it was the date of first PUD diagnosis or the date
f the first visit to the University of Chicago Hospital, whichever
ccurred later. The follow-up ended at the date of death, date last
nown to be alive, or December 31, 1997, whichever occurred
arliest. The cause of death recorded on death certificates was
oded according to the Eighth Revision of the International Clas-
ification of Diseases (ICD-8) (28). We combined “acute myocar-
ial infarction” (ICD-8 code 410), “other acute or subacute forms
f ischemic heart disease” (ICD-8 code 411), “chronic ischemic

eart disease” (code 412), “angina pectoris” (code 413), and
asymptomatic ischemic heart disease” (code 414) into one cate-
ory and “coronary heart disease,” “hypertensive disease” (codes
00–404) and “other forms of heart disease” (ICD-8 codes 420–
29) into another category, “other heart disease.” All “cerebrovas-
ular disease” (CVD) deaths (ICD-8 codes 430–438) were
rouped together.

adiation doses
RT for PUD at the University of Chicago, described in detail

lsewhere, was highly standardized (24–26). Several machines
ere used, but, with rare exceptions, these were orthovoltage
-ray machines with 250-kVp X-ray beams and effective energies

quivalent to 1.3–1.5 mm Cu half-value layers. Treatments were
nterior and posterior parallel-opposed fields (typically 13 cm �
3 cm), centered on the stomach and under fluoroscopic control
tarting in 1949. RT was delivered in daily fractions of 1.5 Gy at
dose rate of 0.3 Gy/min during one or two 6–14-day treatment

ourses; the goal, although it varied slightly over the years, was to
rovide a stomach dose of 16–17 Gy at each course.
A statistically significant dose gradient occurred across the

eart, decreasing with increasing distance from the edge of the
reatment field. It was estimated by one of us (M.L.G.), who
dministered many of the treatments, that about 5% of the heart
apex) was directly in the radiation field during all treatments. The
emainder of the heart received scattered radiation.

The cardiac doses were estimated using measurements in an
dult male Alderson phantom. The machine used to irradiate the
hantom was one of the machines (Maxitron 250; General Electric,
ilwaukee, WI) used to treat the patients in the study. The beam
as defined by the machine collimators with a lead rubber cutout,
roviding additional shielding of adjacent organs. Thermolumines-
ent dosimeters were placed on a three-dimensional grid through-
ut the torso of the phantom. The thermoluminescent dosimeters
ere standardized relative to a 60Co beam, calibration traceable to

he National Institute of Standards and Technology, with measured
nergy correction factors applied for orthovoltage beams.

We derived a volume-weighted average dose to the entire heart
y summing the in-field dose received in the apex of the heart
eighted by its proportion of the organ volume (5%) and the

verage of the dose received in the remainder of the heart weighted
y its volume proportion (95%). The doses delivered to the stom-
ch for individual patients were obtained from the RT records. The
easurements were renormalized on the basis of the patient’s

tomach dose to obtain each patient’s volume-weighted average
ose to the heart. The total average cumulative cardiac dose for
ach patient was obtained by summing the volume-average cardiac
ose over all treatment courses.
For the analysis of stroke, the carotid doses were estimated

sing the thyroid dose as a proxy.

tatistical analysis
Person-years were computed beginning 1 year after the date of

ntry into the cohort to exclude subjects who might have died of
reexisting medical conditions after PUD treatment. The expected
umbers of deaths were estimated by summing the products of
ge-, gender-, race-, and calendar year-specific person-years of
bservation times the corresponding mortality rates for the general
opulation of the United States for each cause of interest. The ratio
f observed to expected number of deaths (O/E ratio), and its 95%
onfidence interval (CI), were computed.
Cox proportional hazards regression analysis (29, 30), as imple-
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ented in the SAS software package, PHREG procedure (31), was
sed to assess the relationship with radiation exposure. The hazard
unction for an individual at time t after study entry, and with
ovariates z1, . . ., zk, was modeled as

�(t; z1, . . . , zk) � �0(t)exp��1 z1 � . . . � �kzk�,

here �0(t) is the baseline or background rate (hazard) as a
unction of time t since entry into the cohort and exp{�1 z1 � . . .

�k z} is the relative risk (RR) function with unknown parameters

1, . . ., �k. Covariates z1, . . ., zk represented such factors as
adiation exposure, radiation dose, and potential confounders.
ther adjustments were made by stratification of the model.
Average cardiac doses and proxy carotid doses were categorized

nto quartiles, and quartile-specific relative risks and 95% CIs were
omputed. Trend tests were based on continuous variables.

Possible interactions between RT and cigarette smoking were
xamined using the same overall statistical model but with dichot-
mous variables for the main effects of RT and smoking and, for
nteraction, the product of these two variables.

RESULTS

A total of 3719 patients contributed 92,979 person-years,
ith an average follow-up duration of 22.5 years for irra-
iated and 27.5 years for nonirradiated patients. By Decem-
er 31, 1997, 83.6% of the irradiated and 81.1% of the
onirradiated patients had died. In both groups of patients,
.5% were confirmed alive, and 13.9% of irradiated and
6.5% of nonirradiated patients had been lost to follow-up.
f the 2936 deaths, 2187 were from causes other than

ancer, including 1097 from circulatory diseases.
Table 1 shows the effects of the potential confounding

actors on the risks of CHD and CVD, and the distributions
f these factors among irradiated and nonirradiated patients.
he RRs of both CHD and CVD increased with increasing
ge at the treatment for PUD and were also significantly
reater among those treated in earlier calendar years. A
tatistically significant elevated RR of CHD was found for
en, divorced or widowed persons, and current and former

mokers. The RRs of CVD in relation to these variables,
xcept for gender, generally followed the same patterns.
ecause the irradiated and nonirradiated patients were dis-

ributed differently with respect to all variables presented,
hese factors were treated as potential confounders in all
tatistical analyses. Alcohol consumption was not signifi-
antly associated with the risk of either CHD or CVD but
as included as another potential confounder because of the
rotective effect on CHD of moderate alcohol consumption
eported in the literature (32).

The O/E ratios showed that all-cause mortality for the
rradiated group was increased by 19% compared with the
.S. general population rates (Table 2). In contrast, the
onirradiated group had an 8% deficit of mortality from all
auses. We had previously reported that the excess mortality
n the irradiated patients was largely attributable to cancer
O/E ratio of 1.65, data not shown), especially of the stom-

ch, pancreas, and lung (27), but the present data showed o
hat it was also due to diseases other than cancer, namely
irculatory (O/E ratio 1.10) and digestive (O/E ratio 1.70)
iseases. The excess mortality from circulatory disease
mong the irradiated patients was largely accounted for by
19% excess of CHD mortality (O/E ratio 1.19), which
ade up about one-third of mortality from all circulatory

iseases. Mortality from gastric and duodenal ulcers ac-
ounted for about 40% of mortality from digestive diseases
nd was increased more than threefold in both irradiated and
onirradiated patients compared with the general popula-
ion. The latter finding suggested that the excess gastric and
uodenal ulcer mortality was most likely related to the
ondition for which these patients were treated and that the
xcess CHD mortality might have been specifically related
o the use of RT.

The RR of mortality from different causes in Table 2
ere based on an internal comparison and showed the risk
f disease associated with RT relative to those who did not
ndergo RT. Within the first 10 years after treatment, no
tatistically significant elevated or decreased RRs were
ound for any disease categories.

Ten or more years after treatment, however, the RR of
ortality from circulatory disease was elevated and was due

o a statistically significant elevated risk of CHD (RR �
.24; 95% CI, 1.04–1.47). An analysis of a subset of deaths
rom acute myocardial infarction (ICD-8 410) showed a
tatistically significant elevated RR of 1.44 (95% CI, 1.10–
.86) for this cause �10 years after RT (data not shown).
he RR of CHD did not show a statistically significant trend
y age at treatment. The RR was 1.33, 1.37, and 1.10 for
hose treated at 35–44, 45–54, and �55 years of age,
espectively, compared with those treated at �35 years. The
R of CVD �10 years after treatment was elevated, but the
ifference was not statistically significant (Table 2). The
Rs were elevated for gastric/duodenal ulcers, infections,
nd diseases of the endocrine and genitourinary systems and
as decreased for respiratory disease, but none were statis-

ically significant.
Table 3 presents the RRs of CHD and other heart disease

y cardiac-dose quartile among patients who lived �10
ears after treatment. The average total cardiac dose, which
s the sum of the volume-weighted doses from all treatments
eceived, ranged from 1.6 Gy (mean in the lowest quartile)
o 3.9 Gy (mean in the highest quartile), and the mean
n-field doses (doses to the 5% of the heart presumed to be
n the field) ranged from 7.6 to 18.4 Gy. Quartile-specific
stimates of RR of CHD increased with an increasing level
f cardiac dose (p for trend � 0.01), and the RRs for the
reatest two dose categories were significantly greater than
nity (RR � 1.54 and 1.51, respectively).
No clear patterns were observed for RRs of other cardiac

isease in relation to the cardiac doses. Most of the 118
eaths from other cardiac diseases reported on the death
ertificates were “symptomatic” or ill-defined (n � 59),
ollowed by hypertensive disease (n � 35), cardiomyopathy

r myocardial insufficiency (n � 22), and endocardial dis-
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ase (n � 2). No statistically significant differences were
bserved in the frequencies of these specific disease
ategories between the irradiated and nonirradiated
roups.
The proxy carotid doses were less than one-tenth of the

olume-weighted cardiac doses, with mean quartile doses of
.10–0.24 Gy. The RR of CVD showed no statistically
ignificant trend in relation to the proxy carotid doses. The
uartile-specific RRs for the irradiated patients were 1.36
lowest dose category), 0.99, 0.98, and 0.82 (highest dose
ategory).

Table 1. Relative *risks of coronary heart disease

atient characteristic

Effect on baseline

Coronary heart disease

RR* Deaths (n) RR

ge at treatment (y)
�35 1.00 (121) 1.0
35–44 3.11‡ (292) 1.9
45–54 7.32‡ (359) 3.8
�55 17.53‡ (325) 17.4

alendar year of
treatment
�1940 5.01‡ (240) 5.7
1940–1944 3.14‡ (250) 4.6
1945–1949 1.99‡ (236) 2.8
1950–1959 1.46‡ (326) 1.6
�1960 1.00 (45) 1.0

ender
Female 1.00 (214) 1.0
Male 1.56‡ (883) 0.8

ace
Black 1.00 (18) 1.0
White 1.11 (1,061) 1.0
arital status§

Married 1.00 (863) 1.0
Never married 0.93 (105) 0.8
Divorced/widowed 1.27‡ (113) 1.2

igarette habits§

Never smoked 1.00 (294) 1.0
�1 pack/d 1.21‡ (430) 1.3
�1 pack/d 1.24‡ (165) 1.0
Unknown amount 0.89 (23) 1.1
Unknown status — (185) —

lcohol habits§

Never drank 1.00 (393) 1.0
�5 drinks/wk 0.90 (248) 1.0
6–15 drinks/wk 1.18 (78) 0.7
�15 drinks/wk 1.12 (91) 0.9
Unknown amount 0.96 (75) 0.5
Unknown status — (212) —

Abbreviation: RR � relative risk.
* RR adjusted for age at treatment, calendar year at treatment,
† Test for independence.
‡ 95% Confidence interval excluded 1.0.
§ At time of treatment at University of Chicago; missing data c
The increase in the RR of CHD for smokers, adjusted for t
T, was statistically significant (RR � 1.40; 95 CI, 1.14–
.71). The increase in the RR of CHD for RT, adjusted for
moking, was also statistically significant (RR � 1.20; 95%
I, 1.01–1.43). These results indicated that RT and smoking

ndependently increased the CHD risk. When stratified by
moking status (Table 4), the RR of CHD associated with
T was not increased among nonsmokers but was signifi-
antly increased among smokers (RR � 1.40; 95% CI,
.14–1.71), suggesting an interaction on the multiplicative
cale between RT and smoking as CHD risk factors. The
est for interaction, however, was of only borderline statis-

erebrovascular disease by patient characteristics

p†

ovascular
sease Patient distribution (%)

Deaths (n) Irradiated Nonirradiated

(29) 14.6 23.5 �0.001
(60) 26.4 29.5
(65) 29.5 26.7
(97) 29.5 20.3

(47) 12.2 28.7 �0.001
(66) 21.7 24.7
(57) 16.8 27.1
(70) 40.9 19.5
(11) 8.4 0

(79) 19.8 23.5 0.006
(172) 80.2 76.5

(79) 3.2 0.5 �0.001
(172) 94.0 98.5

(196) 77.5 79.0 �0.001
(23) 9.3 12.6
(27) 10.2 7.85

(74) 23.8 26.8 0.003
(94) 39.6 39.0
(26) 17.5 12.4

(6) 1.8 1.9
(51) 17.3 19.8

(91) 33.1 34.5 0.729
(61) 23.3 20.4
(15) 8.1 6.6
(19) 9.7 7.7
(12) 6.1 8.0
(53) 19.7 22.8

, and smoking status (excluding factor of interest tested).

s a separate category, estimates not shown.
and c

risk

Cerebr
di

*

0
4‡

5‡

4

8‡

3‡

4‡

5‡

0

0
3

0
5

0
1
5

0
4
8
1

0
9
1
4
3

gender

oded a
ical significance (p � 0.063).
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DISCUSSION

We found a statistically significant elevated risk of CHD
n patients who underwent cardiac RT during treatment of
UD. We estimated that 5% of the cardiac volume (apex)
as directly in the radiation field and received mean cumu-

ative absorbed doses of 7.6–18.4 Gy (in-field dose). The
emaining 95% of the cardiac volume outside the field
eceived scattered radiation, and, thus, the heart as a whole
eceived volume-weighted doses of 1.6–3.9 Gy. We found
he CHD risk to increase significantly with an increasing
evel of cardiac dose, and the relative risk of CHD was

Table 2. Mortality from all causes and selected causes other th
status and relative risk

Cause of death (ICD-8 code)

Radiot

Yes (n � 1859;
PY � 41,779)

Observed O/E

ll causes (001–998)† 1543 1.19‡

irculatory diseases (390–458) 806 1.10‡

Coronary heart disease (410–414) 551 1.19‡

Cerebrovascular disease (430–438) 127 1.04
espiratory diseases (460–519) 86 0.90
igestive diseases (520–577) 82 1.70‡

Gastric and duodenal ulcers (531–
533)

33 3.96‡

nfections (001–139) 16 0.89
ndocrine diseases (240–279) 23 0.89
enitourinary diseases (580–629) 36 1.40

Abbreviations: PY � person-years; O/E � observed deaths/ex
nterval.

* RR for irradiated vs. nonirradiated, adjusted for age and calend
odel; for coronary heart disease, additionally adjusted for marita
† Causes of death unknown for 11 irradiated and 15 nonirradia
‡ p � 0.05.

Table 3. Relative risk of coronary a

Average total cardiac
dose* (Gy)

Mean in-field
dose† (Gy)

Patients
(n)

0 1568
.1–1.9 (1.6) 7.6 368
.0–2.5 (2.3) 10.6 384
.6–3.0 (2.8) 12.9 341
.1–7.6 (3.9) 18.4 382
rend p

Abbreviations as in Table 2.
Data in parentheses are mean values, unless otherwise noted.
* Average dose to entire heart.
† Dose to portion (assumed 5%) of heart in beam; dose range

4.4–35.6 Gy (highest quartile).
‡ RR adjusted for age at treatment, calendar year at treatme
onsumption.
ignificantly elevated among subjects in the two highest
ose quartiles. The excess CHD risk occurred �10 years
fter radiation exposure and was not explained by the con-
ounding effects of cigarette smoking, alcohol consumption,
arital status, or other demographic variables. Although it

s still possible that the observed excess CHD risk may be
xplained by residual confounding of other factors, the
tatistically significant dose-related trend for CHD risk
trongly suggests the causal effect of RT. It has been sug-
ested that PUD patients who were selected for RT may
ave had serious heart conditions unfavorable for surgical

cer: Observed and expected number of deaths by radiotherapy
ated with radiotherapy

Years after treatment

o (n � 1860;
Y � 51,200) �10 �10

erved O/E RR* 95% CI RR* 95% CI

493 0.92 0.88 0.69–1.13 1.14 1.04–1.25
815 0.87‡ 0.83 0.6–1.15 1.10 1.0–1.24
546 0.96 1.02 0.58–1.81 1.24 1.04–1.47
124 0.76‡ 1.48 0.54–4.05 1.08 0.79–1.49
105 0.88 0.98 0.31–3.15 0.78 0.54–1.12
81 1.37‡ 0.97 0.48–1.96 1.09 0.72–1.65
33 3.20‡ 0.93 0.38–2.26 1.65 0.85–3.23

15 0.62 0.66 0.14–3.09 1.67 0.64–4.37
12 0.36 1.0 0.06–16.63 1.32 0.54–3.23
27 0.79 0.90 0.19–4.21 1.63 0.86–3.09

number of deaths ratio; RR � relative risk; CI � confidence

r at treatment, gender, and amount of cigarettes smoked using Cox
s and alcohol consumption.
ients.

er heart disease: 10-year survivors

oronary heart disease Other heart disease

s
RR‡ (95% CI)

Deaths
(n) RR‡ (95% CI)

1.00 (reference) 60 1.00
1.00 (0.76–1.33) 15 1.48 (0.67, 3.30)
1.23 (0.94–1.61) 11 0.46 (0.18, 1.15)
1.54 (1.15–2.06) 14 0.70 (0.30, 1.61)
1.51 (1.15–1.99) 18 1.68 (0.77, 3.65)
0.01 NS

.86–9.1 Gy (lowest quartile), 9.2–11.7 Gy, 12.0–13.9 Gy, and

der, number of cigarettes smoked, marital status, and alcohol
an can
associ

herapy

N
P

Obs

1

pected

ar yea
l statu

ted pat
nd oth

C

Death
(n)

484
94
97

114
121

was 0

nt, gen
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reatment (26), and that such selection may have led to a
puriously increased risk of CHD in the irradiated patients.
owever, if such selection had occurred, the excess risk

ikely would have been observed sooner, within 10 years
fter treatment, rather than later, and it was not.

Myocardial infarction has been known to occur as a
edical sequela of high-dose mediastinal RT, especially

fter megavoltage mantle fields and total lymphoid RT used
or treatment of Hodgkin’s lymphoma in early years (2, 3,
3). RT used for Hodgkin’s lymphoma before 1965–1970
ielded a total mediastinal dose of 40–44 Gy. New tech-
iques have reduced the irradiated dose volume; the therapy
or Hodgkin’s lymphoma currently in use typically yields
bout 30–35 Gy for adults and 15–25 Gy for children (34).
he published study results are inconclusive regarding the
ardiac risk from modern, lower dose RT. In a multi-
nstitutional study of Hodgkin’s lymphoma patients treated
ith RT and chemotherapy, the relative risk of myocardial

nfarction among patients diagnosed after 1966 was not
ignificantly lower than that among patients diagnosed be-
ore 1966, when orthovoltage RT was commonly used (2).

lack of a statistically significant elevated risk of myocar-
ial infarction at a mediastinal dose of �30 Gy has been
eported from the Stanford study of Hodgkin’s lymphoma
atients, but these data were based on few cases (3).
An increased risk of cardiovascular disease has also been

ttributed to an old series of postmastectomy RT that typi-
ally delivered a breast tumor dose of 40–50 Gy, irradiating
large volume of the heart (4–7). More recent RT used for

arly-stage breast cancer in conjunction with breast-con-
erving surgery typically exposed 0–5% of the left ventricle
o about 25 Gy (14, 35, 36). The results are also mixed
egarding the cardiac effects from several studies of patients
reated with modern RT used with breast-conserving sur-
ery (10–14). Therefore, the safety of modern, lower dose
T for Hodgkin’s lymphoma and breast cancer remains
ncertain.

Table 4. Relative risk of coronary heart disease according to
smoking and radiotherapy status: 10-year survivors*

Smoking

No RT RT

RR† Deaths (n) RR† Deaths (n)

o 1.00 150‡ 0.94 94
es 1.19 244 1.58§ 270

Abbreviations: RT � radiotherapy; other abbreviations as in
able 2.
RR for smoking adjusted for radiotherapy 1.40 (95% CI 1.14–

.71); RR for radiotherapy adjusted for smoking 1.20 (95% CI

.01–1.43); interaction p � 0.063.
* Total of 632 patients with unknown smoking status excluded

rom analysis.
† RR adjusted for age and calendar year at treatment, gender,
arital status, and alcohol use.
‡ Reference group.
§ Statistically significant.
Our study of PUD patients demonstrated a dose–response G
elationship for CHD in the range of irradiated cardiac dose
nd volume less than that from RT used for Hodgkin’s
ymphoma or breast cancer. We found a statistically signif-
cant elevated risk of CHD among PUD patients who were
n the third dose category (Table 3). The estimated mean
umulative dose for these patients was 12.9 Gy to 5% of the
ardiac volume and 2.8 Gy to the entire heart volume
volume-weighted average). However, different tissues of
he heart may differ in sensitivity to radiation damage. In the
UD patients, the apex of the heart was exposed to the high

n-field dose, but, in patients irradiated in conjunction with
reast-conserving surgery, 0–5% of the left ventricle is
xposed to high doses (14). Damage to the proximal portion
f the main coronary arteries may be especially important
or CHD risk (36). In the Stanford study of Hodgkin’s
ymphoma (3), subcarinal blocking, which reduces the irra-
iated volume of the heart but does not protect the proximal
art of the coronary arteries from RT, was not associated
ith a decreased risk of myocardial infarction, although it
id significantly reduce the risk of mortality from non–
yocardial infarction (3).
It is not clear how damage to the small portion of the

eart may have contributed to CHD in PUD patients. One
ay speculate that direct damage from high in-field doses to

he ventricular tissue located in the apex may have exacer-
ated underlying aging-related atherosclerotic changes.
iven the demonstrated low-dose radiation effect on heart
isease risk among atomic bomb survivors, it is also con-
eivable that lower dose scattered radiation of the entire
eart volume may have contributed to the increased CHD
isk among PUD patients. It is, therefore, of special interest
hat an increased risk of cardiovascular disease has been
bserved after RT for testicular cancer (37). It was esti-
ated that irradiated testicular cancer patients had a mean

ardiac dose of 0.76 Gy, with a mean maximal dose of 3.36
y, mostly from scattered radiation. After excluding a small
umber of patients who had undergone mediastinal RT, the
ardiovascular disease risk remained elevated among the
atients who largely had received scattered radiation from
nfradiaphragmatic RT. Our study data did not enable us to
istinguish between any effects of in-field doses vs. scat-
ered doses, but it may be relevant to note that the irradiated
UD patients did not have an increased risk of non-CHD
eart disease, suggesting that local cardiac damage from the
n-beam dose may have been limited.

An important source of uncertainty with the present es-
imated doses is the assumption that the PUD patients all
ad 5% of the heart volume in the treatment field. We
elieve the irradiated portion of the heart was small, because
recautions were taken to avoid unnecessary irradiation of
he surrounding tissues, using fluoroscopic outlining of the
tomach (25), but the irradiated portion could have been
5% or �5%. It is important, however, to recognize that,

ven if one had assumed this proportion to be 10%, this
ould have increased the average total cardiac dose only by
4% and the range of the total average dose from 1.6–3.9

y to 1.9–4.8 Gy (Table 3), still relatively low. The irra-
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iated proportion also varied among patients. The primary
ource of individual variation in cardiac dose estimates were
he stomach doses, which varied markedly by the number of
reatments given. In addition, the volume of the heart in the
eam would have varied, depending on the individual body
ize and the location of the heart relative to the stomach and
ther characteristics. Information on these patient charac-
eristics was not available. However, the failure to consider
uch individual characteristics is unlikely to have spuriously
aused the dose-related increase in CHD risk. Dose esti-
ates that accurately account for individual variations, to-

ether with information on the location of specific cardiac
athologic features, would have helped to assess individual
oses more accurately and to determine the effects of in-
eld compared with scattered doses on specific types of
adiation-induced damage.

To date, the most convincing evidence of elevated heart
isease risk from relatively low doses of radiation comes
rom the Japanese atomic bomb survivor studies, which
emonstrated a significant dose–response relation for heart
isease and stroke at doses of �4–5 Gy (15, 16). These
esults were not attributable to confounding by other risk
actors, misclassification in causes of death, or other possi-
le biases. Although the mechanisms by which atherogen-
sis is induced by low-dose radiation remain elusive, recent
vidence of the radiation effect on C-reactive protein, in-
erleukin-6, and other inflammatory markers (38, 39) sug-
ests an involvement of clastogenic factors induced by
onizing radiation (40). Inflammatory processes are cur-
ently thought to underlie the atherosclerosis responsible for
yocardial infarction (41–43).
The relationships of cardiovascular diseases with ciga-

ette smoking, hyperlipidemia, hypertension, obesity, dia-
etes, and physical activity are well established (44). The
ontributions of these risk factors, other than of smoking,
ould not be adequately addressed in our study. The smok-
ng information was somewhat limited in that the intensity
f exposure, such as the number of cigarettes smoked daily,
as unknown for about 25–30% of the patients. It seems
nlikely, however, that this caused a statistically significant
ias because the smoking behavior appeared similar among
he irradiated and nonirradiated patients. An association

etween Helicobacter pylori infection and CHD has also c

REFEREN

able and unfavourable effects on long-term survival of radio-
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